We have produced coherent radiation in the XUV region at 70.9 nm by frequency tripling the fifth harmonic of Nd:YAG laser radiation in neon. BaB 2 0 4 was used to generate the fifth harmonic at 212.8 nm with an output pulse energy of 20 mJ and a pulse width of 5 nsec. Subsequent frequency tripling in neon gas generated 10 W of peak power at 70.9 nm.
Harmonic generation and sum-frequency conversion of the harmonics of solid-state lasers, such as Nd:YAG and Nd:glass, or of the output of rare-gas halide lasers, such as XeF, XeCl, and KrF, have been used to generate intense coherent VUV and XUV radiation using atomic vapors as nonlinear media. By this technique VUV and XUV radiation have been generated at wavelengths between 35.5 and 118.2 nm. 1 -15 In this Letter we describe the generation of the fifteenth harmonic of a Nd:YAG laser at 70.9 nm by tripling the fifth harmonic at 212.8 nm in neon gas. The process introduced in this Letter is straightforward, and the generated power at 70.9 nm is significantly greater than had been achieved before. Radiation at 70.9 nm was generated previously by Reintjes et al., 2 who used two KD*P crystals as a doubler and a quadrupler to produce the fourth harmonic at 266 nm of a modelocked Nd:YAG laser radiation; the output frequency was mixed with the fundamental 1064-nm radiation, and a difference wave was generated at 70.9 nm. The power generated at this wavelength has not been reported. In the present experiment, we report high conversion efficiency at 70.9 nm resulting from efficient harmonic generation from 1064 to 212.8 nm using the new nonlinear material barium borate (BaB 2 0 4 ) (Ref. 16 ) followed by frequency tripling in a continuous gas cell or in a supersonic gas jet.
High output power in the VUV and XUV regions is a critical issue. Harris et al. first suggested 13 and demonstrated 14 the use of inert buffer gas to reach the phase-matching condition to get optimum conversion efficiency. They generated 364-kW peak power in a 25-psec pulse at 118.2 nm. 14 For wavelengths shorter than 105 nm, the process becomes technically more difficult because of the lack of a transparent window material for the gas cell. Generation of XUV radiation in the wavelength range 20-105 nm is possible by differential pumping. 9 The conversion efficiency is low, however, because of the absorption of the generated XUV radiation by the residual nonlinear gas medium. A pulsed supersonic gas jet, first used to generate 6 generated 1-10-W peak power of tunable radiation in a 10-nsec pulse at wavelengths between 72.5 and 83 nm and between 97.4 and 104.8 nm. The generated XUV power was limited by the gas density at the jet nozzle required for phase matching and the gas-breakdown threshold.
As was shown previously, 17 matched through its entire transmission region, and an optical parametric oscillator made from BaB 2 04 could cover the tuning range from the UV across the visible into the near infrared. 18 In this experiment BaB 2 0 4 was used to generate the fifth harmonic of Nd:YAG by the steps shown in Fig. 1 .
The fundamental frequency of the Quanta-Ray DCR-2A Nd:YAG laser was doubled in a BaB 2 0 4 crystal and then doubled again in a second BaE320 4 crystal to generate 40 mJ of fourth harmonic at 266 nm. The fourth harmonic was then mixed with the fundamental in a third BaB 2 0 4 crystal to generate 20 mJ of the fifth harmonic at 212.8 nm in a 5-nsec pulse. The phasematching angles used in the experiment for the second-, fourth-, and fifth-harmonic generations were 210, 48°, and 550, respectively. computed refractive indices are used. 19 The phase mismatch AK is negative, as required. The 212.8-nm UV light was separated by prisms and focused with a quartz lens into a 90-mm-long, 18-mm inside-diameter gas cell. The focus of the laser light was in front of the center of a 0.3-mm pinhole, which separates the conversion cell from the differentially pumped detection system. The 212.8-nm pulse energy in the focus is only 50% of the generated energy, that is, 10 mJ/ pulse, because of the reflection losses at prisms, mirrors, the focusing lens, and the cell window. The detection system, which has been described in detail in Ref. 19 Table 1 . The optimum gas pressure needed to achieve phase matching was calculated using the theory presented in Ref. 19 and was experimentally determined by the maximum output power. The theory and experimental results agree well, as shown in Table 1 . The optimum pressure could not be measured for the 10-cm lens because this value exceeds the 1100-Torr upper pressure limit in the conversion cell.
The results shown in Fig. 2 are not displayed on the same scale. The output power changes considerably with the focal length of the focusing lens for the same input power. For the 10-cm lens an input pulse of 2 MW generates an output of 10.5 W at 1100 Torr. For the 20-and 30-cm lenses the optimum output powers are 3 and 0.43 W, respectively, as shown in Table 2 .
The 70.9-nm pulse width is 4 nsec. The conversion efficiency for the 10-cm lens at 1100 Torr is 5.2 X 10-6, as shown in Table 2 .
For phase-matched frequency tripling the product of the output power and of the fourth power of the lens focal length, PXuvf 4 , should be independent of f.
When the extended experimental results at the estimated optimum pressure of 2595 Torr required for the 10-cm lens are added, the expected 70.9-nm output will be 32 W; the pulse powers of the 70.9-nm radiation provide ratios of (P4)f= 10 cm:(Pf4) f=20 cm:(Pf4) f=30 cm = 1.07:1.05:1. These ratios are close to unity, which implies that the process is well phase matched. The 70.9-nm output power also was measured as a function of the 212.8-nm input power. Figure 3 shows an example of the experimental results obtained with the 20-cm focal-length lens. The power dependence agrees with the expected third power law, log P 70 . 9 = 3 log P 2 128 + const.
For high output power the 212.8-nm radiation must be focused with a short-focal-length lens. However, the optimum gas pressure for a short-focal-length lens is high, more than 2600 Torr for a focal length of less than 10 cm. This high gas pressure causes considerable gas consumption in the differentially pumped system. A reduction of the gas consumption may be achieved by using a pulsed gas jet. For this reason we replaced the gas cell with a pulsed neon-gas jet. 2 0 The highest pressure obtainable with the pulsed jet is in the range of 50 to 90 Torr. 2 1 These values are well below those required for optimum phase matching. In the experiment the 212.8-nm light was focused by the 10-cm focal-length lens at a position located 0.25 mm in front of a 1-mm-diameter nozzle orifice. The measured value of the generated 70.9-nm peak power is about 2.4 W at an input of 2 MW. The conversion efficiency is reasonable for such low gas pressure.
Xenon should also be appropriate for frequency tripling of the 212.8-nm radiation. In xenon the frequency tripling of 212.8 nm is almost two-photon resonant since the energy difference between the xenon two-photon transition 5p-9p [1/ 2 ]o and the 212.8-nm laser energy is less then 300 cm-'. The generated 70.9-nm radiation is, however, in the xenon continuum, and the resultant absorption of the XUV radiation requires the use of a pulsed gas jet for a short optical length. In our experiment the 212.8-nm light was focused with the 30-cm focal-length lens into a pulsed xenon-gas jet. At these conditions gas breakdown, presumably initiated by two-photon resonant ionization, was observed in the jet in the region of the focus. Because of the gas breakdown and the XUV absorption of xenon, the output power at 70.9 nm did not exceed 1 mW.
In summary, BaB 2 0 4 has been used to generate the fifth harmonic of a Nd:YAG laser with a total energy conversion efficiency of 3.7%. Third-harmonic generation in neon gas was used to generate coherent XUV radiation at 70.9 nm with conversion efficiency of 5 X 10-6 in a continuous gas cell. This work demonstrated a straightforward method to achieve high power generation at 70.9 nm. The approach should yield a practical source of XUV coherent radiation. With further improvements in fifth-harmonic generation using BaB 2 0 4 and in the pulsed gas jet technology, the XUV conversion efficiency can be increased significantly.
